Chronic inflammation may play a role in ovarian carcinogenesis. We examined associations between 3 plasma biomarkers of inflammation-C-reactive protein (CRP), interleukin 6, and tumor necrosis factor α receptor 2-and risk of invasive epithelial ovarian cancer in prospectively collected samples from the Nurses' Health Study (NHS; 1989 -2010 , Nurses' Health Study II (NHS II; 1996 , and the Women's Health Study (WHS; 1992 and performed a meta-analysis including data from previous publications. Associations with ovarian cancer risk were calculated using logistic regression (NHS/NHS II; n = 217 cases) or Cox proportional hazards regression (WHS; n = 159 cases). Study-specific results were combined using random-effects meta-analysis. In the NHS/ NHS II and WHS, we observed a 53% increased risk of invasive ovarian cancer when comparing women in the fourth quartile of CRP with women in the first quartile (95% confidence interval (CI): 1.05, 2.23). A CRP level of >10 mg/L versus a level of ≤1 mg/L was associated with a 2.16-fold increased risk (95% CI: 1.23, 3.78). In a metaanalysis of published studies, women in the third tertile of CRP had a 35% increased risk (95% CI: 1.10, 1.67) compared with women in the first tertile. There were no significant associations between interleukin 6 or tumor necrosis factor α receptor 2 and risk in the NHS/NHS II. Our results support the hypothesis that higher levels of circulating CRP are associated with increased risk of ovarian cancer, indicating that the role of inflammation in ovarian cancer requires further elucidation. C-reactive protein; interleukin 6; ovarian cancer; tumor necrosis factor α receptor 2 Abbreviations: CI, confidence interval; CRP, C-reactive protein; IL-6, interleukin 6; NHS, Nurses' Health Study; NHS II, Nurses' Health Study II; TNF-α, tumor necrosis factor α; TNF-α-R2, tumor necrosis factor α receptor 2; WHS, Women's Health Study.
Ovarian cancer is highly fatal (1) , partly because of an incomplete understanding of its etiology. One hypothesis regarding ovarian carcinogenesis is that of incessant ovulation, which may increase risk through repeated damage to and wound repair of the ovarian epithelium, a process that can induce inflammation (2, 3) . Epidemiologic evidence supports this hypothesis, as events that interrupt ovulation (e.g., pregnancy, oral contraceptive use) or lower inflammation (e.g., tubal ligation) reduce risk while exposures that cause inflammation (e.g., talc use) increase risk (2, (4) (5) (6) . Further, higher lifetime numbers of ovulations increase the risk of ovarian cancer (2, (7) (8) (9) . Biological effects of inflammation include enhanced cellular proliferation and angiogenesis, an inability to adapt to oxidative stress, and inhibition of apoptosis (10, 11) .
C-reactive protein (CRP) is a marker of global inflammation (12, 13) that is higher in women with malignant ovarian tumors than in women with benign ovarian tumors or healthy controls, and it is positively correlated with stage at diagnosis (14, 15) . Prediagnostic CRP levels have been positively associated with ovarian cancer risk in 3 studies, with odds ratios ranging from 1.15 to 1.96 for the top tertile compared with the bottom tertile (16) (17) (18) . Lundin et al. (17) observed that the increased risk was highest among women with very high CRP levels (for >10 mg/L vs. <1 mg/L, odds ratio = 4.4).
Other inflammatory markers also may be important in ovarian carcinogenesis. Interleukin 6 (IL-6), a proinflammatory cytokine involved in immune defense (19) , is higher in women with malignant ovarian tumors than in women with benign ovarian tumors (20, 21) or healthy controls (14, 22) , is detectable in ascites (23, 24) , and is associated with increased tumor burden and worse survival (14, 25) . Tumor necrosis factor α (TNF-α) stimulates production of various cytokines and induces expression of cellular adhesion molecules (26) . Its levels are higher in ovarian cancer cases than in healthy controls (14, 23) . In a recent prospective study, Clendenen et al. (27) reported that women in the highest quartile of IL-6 level versus women in the lowest quartile had a 70% increased risk of ovarian cancer; however, no associations were observed for TNF-α or its soluble receptors.
The goal of this study was to examine the relationship between circulating levels of CRP, IL-6, and TNF-α and risk of ovarian cancer in the Nurses' Health Study (NHS) and Nurses' Health Study II (NHS II). However, reliably assaying TNF-α in previously frozen samples is not possible. Therefore, we measured levels of tumor necrosis factor α receptor 2 (TNF-α-R2), one of two TNF-α receptors. TNF-α signaling though TNF-α-R2 results in T-cell proliferation and other proinflammatory responses (28) . We also evaluated the association for CRP in the Women's Health Study (WHS) and conducted a meta-analysis of this association with data from 3 prior studies.
MATERIALS AND METHODS

Study population
This analysis was based on data from nested case-control studies in the NHS (29) and NHS II (30) and a prospective cohort study in the WHS (31-33), described below. The NHS was established in 1976 among 121,701 US female nurses aged 30-55 years, and NHS II was established in 1989 among 116,430 female nurses aged 25-42 years. Participants have been followed biennially by questionnaire to update information on exposure status and disease diagnoses. In 1989-1990, 32,826 NHS participants provided blood samples and completed a short questionnaire (29) . Briefly, women arranged to have their blood drawn and shipped with an ice pack, via overnight courier, to our laboratory, where it was processed and separated into plasma, red blood cell, and white blood cell components. Follow-up of the NHS blood study cohort was 87.5% in 2010.
Between 1996 and 1999, 29,611 NHS II participants provided blood samples and completed a short questionnaire (30) . Premenopausal women (n = 18,521) who had not taken hormones, been pregnant, or lactated within the past 6 months provided blood samples drawn 7-9 days before the anticipated start of their next menstrual cycle (luteal phase). Other women (n = 11,090) provided a single 30-mL untimed blood sample. Samples were shipped and processed identically to the NHS samples. Follow-up of the NHS II blood study cohort was 95% in 2009.
Cases had no previous history of cancer, except nonmelanoma skin cancer, before blood collection and were diagnosed with ovarian cancer between blood draw and June 1, 2010 (NHS), or June 1, 2009 (NHS II). A total of 217 cases of invasive epithelial ovarian or peritoneal cancer (182 in NHS and 35 in NHS II) with plasma were confirmed by medical record review. Cases were matched to 2 controls with intact ovaries at the time of the case diagnosis on menopausal status at blood draw and diagnosis ( premenopausal, postmenopausal, or unknown), age (±1 year), month of blood collection (±1 month), time of day of blood draw (±2 hours), fasting status (>8 hours or ≤8 hours), and postmenopausal hormone use at blood draw (yes or no). For NHS II cases with timed samples, we additionally matched on date of the luteal blood draw (date of next menstrual cycle minus date of blood draw, ±1 day).
The WHS is a completed randomized trial, initiated in 1992, that examined low-dose aspirin and vitamin E supplementation in the primary prevention of cancer and cardiovascular disease (31) (32) (33) . Blood samples were collected from 28,345 women prior to randomization and were processed into plasma, red blood cells, and white blood cells. We included women from the treatment and placebo groups. When the trial was completed in 2004, morbidity and mortality followup were 97.2% and 99.4% complete, respectively. Women were invited to continue in a follow-up study, and 88% agreed. Follow-up for morbidity among the observational follow-up participants is 93% complete. Cases were diagnosed with invasive ovarian cancer between blood collection and March 2, 2011. A total of 159 invasive epithelial ovarian cancer cases were identified. All 3 studies were approved by the Committee on the Use of Human Subjects in Research at Brigham and Women's Hospital (Boston, Massachusetts).
Laboratory assays
The NHS and NHS II samples were assayed for highsensitivity CRP, IL-6, and TNF-α-R2; the WHS blood samples were assayed for high-sensitivity CRP. The assays were conducted by Dr. Nader Rifai's laboratory at the Children's Hospital Medical Center and Harvard Medical School. CRP levels were measured via a validated immunoturbidometric method (Denka Seiken, Tokyo, Japan) (34). IL-6 was measured via a quantitative sandwich enzyme immunoassay technique using a Quantikine HS kit (R&D Systems, Minneapolis, Minnesota), and TNF-α-R2 was assessed via an enzyme-linked immunosorbent assay kit utilizing immobilized monoclonal antibody to human TNF-α-R2 (Genzyme, Cambridge, Massachusetts). Case-control sets (for the NHS/NHS II) and samples from the same study were assayed together, ordered randomly, and labeled to mask case-control status and quality control status. The intraassay coefficient of variation from blinded, replicate quality control samples ranged from 1% to 10% for all assays. These biomarkers were largely unaffected by transport conditions, and levels were reproducible within persons over time (35, 36) . We assayed TNF-α-R2 because it is measured more reproducibly than TNF-α when samples have been previously frozen (37) . 95% confidence intervals were determined using unconditional logistic regression comparing quartiles of biomarker concentrations, with cutpoints based on the control distribution. In the WHS, relative risks and 95% confidence intervals were determined using Cox proportional hazards models; quartile cutpoints were based on the entire population. Trend tests were assessed using natural log-transformed values. Results were combined using random-effects meta-analysis (39) . Analyses were adjusted for oral contraceptive use (never use, <5 years, or ≥5 years), tubal ligation (yes or no), parity (continuous), and body mass index (weight (kg)/height (m) 2 ) at blood draw (continuous). NHS and NHS II analyses were further adjusted for matching factors.
In secondary analyses, we mutually adjusted the biomarkers (NHS/NHS II only), excluded cases diagnosed within 2, 5, and 10 years of blood collection, and evaluated associations among serous cases; cases with other histological types were too few to evaluate separately. We also evaluated whether the associations were stronger for tumors that were rapidly fatal (i.e., death due to ovarian cancer occurring within 3 years of diagnosis vs. not (40)) using polytomous logistic regression (NHS/NHS II) or competing-risks Cox models (WHS). Further, we stratified by body mass index (<25 or ≥25) and age (<60 years or ≥60 years). Interaction terms were developed by multiplying variables using the above cutpoints by quartiles of biomarker levels. Likelihood ratio tests were used to determine the P value for interaction. We also conducted a sensitivity analysis excluding persons with inflammatory conditions, including cardiovascular disease and rheumatoid arthritis, and adjusting for diabetes.
For the meta-analysis including data from previously published studies, we searched for "CRP" or "C-reactive protein" along with the terms "ovarian cancer" or "ovarian carcinoma" and "prospective." Only 1 other study assessed IL-6 and TNF-α-R2 levels; therefore, we did not conduct a meta-analysis for these markers. Details on the previously published studies are provided in Web Table 1 (available at http://aje.oxfordjournals. org/). In 1 study, the association was strongest among women with CRP levels above 10 mg/L; thus, we replicated this analysis in the NHS, NHS II, and WHS and conducted a meta-analysis. In the NHS/NHS II, we included both invasive and borderline cases for the meta-analysis to be consistent with previous publications. Individual study results were combined using random-effects meta-analysis (39) .
RESULTS
A total of 217 invasive cases from the NHS/NHS II and 159 invasive cases from the WHS were available for analysis. On average, cases were aged 66 years at diagnosis in the NHS/NHS II and aged 64 years at diagnosis in the WHS (Table 1) ; serous tumors were the most common histological type. Among cases diagnosed at least 3 years prior to the end of follow-up, 29% (NHS/NHS II) and 27% (WHS) died of ovarian cancer within 3 years of diagnosis. The 3 inflammatory markers were modestly correlated: The Pearson correlation coefficient for correlation between CRP and IL-6 was 0.37. For CRP and TNF-α-R2, the coefficient was 0.34, and for IL-6 and TNF-α-R2, it was 0.36.
Plasma levels of CRP were positively associated with invasive ovarian cancer risk in the NHS/NHS II and WHS, with no heterogeneity between studies (P-heterogeneity > 0.11; Table 2 ). Women in the fourth quartile of CRP versus the first quartile had a 53% increased risk of epithelial ovarian cancer (95% confidence interval (CI): 1.05, 2.23). For very high levels of CRP, we observed that women with CRP levels greater than 10 mg/L had a relative risk of 2.16 (95% CI: 1.23, 3.78) in comparison with women with levels less than or equal to 1 mg/L. Results were similar when we evaluated serous cases, when we added borderline cases in the NHS/ NHS II, and among cases who died within 3 years of diagnosis. Further, we observed similar associations when we excluded cases diagnosed within the first 2, 5, and 10 years after blood draw (Web Table 2 ) or those with known inflammatory conditions, as well as when we analyzed the results by categories of body mass index and age (data not shown).
In the NHS/NHS II, plasma levels of IL-6 and TNF-α-R2 were not statistically significantly associated with risk of invasive epithelial ovarian cancer ( Table 3 ). The relative risk comparing the fourth quartile of IL-6 levels with the first quartile was 0.85 (95% CI: 0.52, 1.40; P-trend = 0.69). There was a suggestion of a positive association for TNF-α-R2, with a relative risk of 1.57 (95% CI: 0.92, 2.68) comparing the top quartile with the bottom quartile (P-trend = 0.08). In the NHS/NHS II, mutually adjusting the biomarkers had little impact on the relative risk estimates. For example, for TNF-α-R2 adjusted for CRP and IL-6, the relative risk for the top quartile versus the bottom quartile was 1.51. Results were similar for serous cases and cases who died within 3 years of diagnosis, as well as after excluding cases diagnosed within the first 2, 5, or 10 years after blood draw, after excluding cases and controls with inflammatory conditions, or when stratifying by body mass index and age (data not shown).
The results of meta-analyses including data from the 3 other prospective studies of CRP (16) (17) (18) are shown in Figures 1-3 . When comparing women in the top tertile of CRP with those in the bottom tertile, the relative risk was 1.35 (95% CI: 1.10, 1.67; P-heterogeneity = 0.66; Figure 2 ). Only 1 other study reported on the association between CRP levels greater than 10 mg/L and ovarian cancer risk (17) ; in a meta-analysis of that study, NHS/NHS II, and WHS, a CRP level greater than 10 mg/L was associated with statistically significantly increased risk of ovarian cancer (relative risk = 2.47, 95% CI: 1.53, 4.01; Figure 3 ). In a meta-analysis restricted to cases that occurred more than 2 years after blood draw, the relative risk associated with the highest tertile of CRP was attenuated slightly (relative risk = 1.28, 95% CI: 1.01, 1.62).
DISCUSSION
Our results support the hypothesis of a positive association between CRP levels and risk of ovarian cancer. Across multiple prospective studies of European and US women (16) (17) (18) , including our own data, comprising a total of 996 ovarian cancer cases, we observed a 35% increased risk of ovarian cancer when comparing women in the top tertile with women in the bottom tertile, an association that remained even after excluding cases diagnosed within 2 years of blood draw. Interestingly, in 3 of the cohort studies (the NHS/NHS II, the WHS, and the study by Lundin et al. (17) ), this risk was even stronger when women with very high levels of CRP were considered. Conversely, in the NHS/NHS II, we did not observe an association between IL-6 and risk of ovarian cancer, although levels of TNF-α-R2 were suggestively positively associated with risk. a Determined by random-effects meta-analysis of estimates from the NHS/NHS II nested case-control study and the WHS Cox proportional hazards model and adjusted for matching factors (NHS/NHS II only), oral contraceptive use (never use, <5 years, or ≥5 years), tubal ligation (yes vs. no), parity (continuous), and body mass index (weight (kg)/height (m) 2 ) at blood draw (continuous). b Determined using random-effects meta-analysis comparing risk estimates across studies. CRP is a global marker of inflammation that has been associated with cardiovascular disease, diabetes, and overall cancer risk (13, (41) (42) (43) (44) (45) . Consistent evidence supports the hypothesis that CRP is also associated with an increased risk of ovarian cancer (16) (17) (18) . In ovarian cancer patients, CRP levels are higher in cases than in healthy controls (14, 15, 46) ; however, ) at blood draw (continuous).
this could be because the disease process itself increases CRP levels. Among cases, CRP has been associated with higher stage (14, 46) and found to be an independent predictor of survival (15) . However, in the prospective studies, the associations with CRP level were similar by invasiveness, histological type, and, in our study, death within 3 years of diagnosis, although statistical power was limited. Further studies are needed to address whether CRP is associated specifically with more aggressive disease.
It is not clear whether CRP directly influences ovarian carcinogenesis or is an indirect marker of inflammatory exposure to the ovary, although one study suggested that high levels of CRP in ovarian cancer patients were correlated with an impaired T-cell response (14) . Further, several small studies observed that circulating (47) (48) (49) (50) or peritoneal (51) CRP levels were higher during postovulatory phases of the menstrual cycle. However, most of the women in the current and prior studies were postmenopausal at blood collection. In the current study, we also evaluated whether CRP levels were associated with known ovarian cancer risk factors, such as parity or oral contraceptive use, or with use of nonsteroidal antiinflammatory drugs at the time of blood draw among controls in the NHS. In analyses adjusted for body mass index and age, none of these exposures were related to CRP levels (data not shown). These analyses suggest that CRP is not a marker of exposure to currently known risk factors for ovarian cancer, nor is it likely that the association with CRP levels is due to an inverse association with use of nonsteroidal antiinflammatory drugs.
Although IL-6 and TNF-α-R2 have also been implicated in ovarian cancer development (14, 21, 23, 25, (52) (53) (54) , the results from our study and that of Clendenen et al. (27) did not yield consistent results. We did not observe an association between IL-6 and ovarian cancer risk, while Clendenen et al. (27) noted a 10% increase in risk with a doubling of IL-6 levels (P-trend = 0.03). Interestingly, Clendenen et al. also reported that women with high IL-6 levels but low soluble IL-6 receptor levels had a 65% increased risk of ovarian cancer in comparison with women with low levels of both (27) . Our study did not measure IL-6 receptor. The intraclass correlation coefficient for IL-6 over 4 years was somewhat low (0.47); thus, it is possible that our study did not observe an association because we had a much longer duration of followup (median of 10.0 years) than did Clendenen et al. (median of 6.3 years). Conversely, our study observed a suggestive positive association for TNF-α-R2, while Clendenen et al. (27) did not observe an association with TNF-α or TNF-α-R2. However, both studies had somewhat limited statistical power, and different assay methods may have led to differing results across the studies. Given the increasing evidence that inflammation is important in ovarian cancer development, additional prospective studies are needed to evaluate associations for these markers, as well as other inflammatory markers/ cytokines that may reflect inflammation in the ovary.
Our study had several strengths and limitations. First, our study was prospective, and we had 376 invasive cases for assessing CRP and 217 invasive cases for assessing IL-6 and TNF-α-R2. Despite this, we had limited power to assess potential interactions or evaluate less common subtypes of ovarian cancer. Second, we had only 1 blood draw per person; however, the intraclass correlation coefficient for these analytes over 4 years was 0.47 for IL-6, 0.67 for CRP, and 0.78 for TNF-α-R2 (35) , suggesting that 1 sample is reflective of long-term exposure. Third, the studies used different types of anticoagulants for long-term storage of blood samples (NHS/NHS II: heparin; WHS: ethylenediaminetetraacetic acid); however, we used study-specific quantiles to reduce the influence of this factor on the results. Fourth, the WHS was a clinical trial of the use of aspirin for prevention of cardiovascular disease and cancer; women with a prior history of cardiovascular disease or cancer were excluded. Thus, CRP levels in WHS participants may not have represented those in the general population. However, as shown in Table 2 , median CRP levels were similar in each of the WHS quartiles compared with the NHS/ NHS II quartiles. This suggests that the WHS exclusions did not affect the distribution of CRP. Fifth, it is possible that the increased risk of ovarian cancer with high levels of CRP observed in this study was due to underlying disease in cases. However, as shown in Web Table 2 , results were similar when restricted to cases diagnosed 2, 5, or 10 years after blood draw. This suggests that the observed associations were not due to reverse causation.
Overall, the results of the current and prior studies strongly support the hypothesis that CRP levels are positively and prospectively associated with risk of ovarian cancer. However, associations for other inflammatory markers, including IL-6 and TNF-α-R2, are less clear. Additional research pooling data from multiple studies to increase the sample size is needed to clarify these associations and to assess whether CRP levels are more strongly associated with certain subtypes of ovarian cancer. In addition, biological studies regarding the specific role of CRP in ovarian carcinogenesis are warranted. These data further support evidence on the importance of inflammation in ovarian cancer development.
